A multidrug-resistant Klebsiella pneumoniae isolate exhibiting heteroresistance to colistin was investigated. The colistin-resistant subpopulation harbored a single amino acid change (Asp191Tyr) in protein PhoP, which is part of the PhoPQ two-component system that activates pmrHFIJKLM expression responsible for L-aminoarabinose synthesis and polymyxin resistance. Complementation assays with a wild-type phoP gene restored full susceptibility to colistin. Then, analysis of the colistin-susceptible subpopulation showed a partial deletion (25 bp) in the phoP gene compared to that in the colistin-resistant subpopulation. That deletion disrupted the reading frame of phoP, leading to a longer and inactive protein (255 versus 223 amino acids long). This is the first report showing the involvement of mutation(s) in PhoP in colistin resistance. Furthermore, this is the first study to decipher the mechanisms leading to colistin heteroresistance in K. pneumoniae.
K
lebsiella pneumoniae is a Gram-negative bacterium often associated with nosocomial infections, including urinary tract infection, pneumonia, and bloodstream infection (1) . While multidrug resistance is increasingly reported in that species due to acquisition of numerous resistance traits, including extended-spectrum ␤-lactamase and carbapenemase genes, colistin is increasingly used for treating infections due to multidrug-resistant isolates. Colistin and polymyxin B correspond to important therapeutic options for treating infections caused by multidrug-resistant K. pneumoniae, particularly in countries with a high prevalence of carbapenemase producers (2) . Those drugs are bactericidal for Gram-negative bacteria, interacting with the lipid A moiety of lipopolysaccharide (LPS) and subsequently causing disorganization of the outer membrane (3) .
In K. pneumoniae, colistin resistance is being increasingly reported, and some cases of heteroresistant K. pneumoniae isolates have also been observed (4, 5) . Colistin heteroresistance is defined as "the emergence of resistance to colistin by a subpopulation from an otherwise susceptible (MIC of Յ2 mg/liter) population" (6) that may be related to exposure to a suboptimal polymyxin concentration (7) . A comparison of the in vitro susceptibility testing methods for colistin showed that the Etest and agar dilution methods are reliable for detecting resistant subpopulations in contrast to some automatic methods; nonetheless, the broth microdilution method remains the reference test for determination of colistin MICs (8) .
Several studies have shown that mutations in the PmrAB or PhoPQ regulatory systems may confer colistin resistance in K. pneumoniae (9) (10) (11) (12) . In addition, inactivation of the mgrB gene, which encodes the MgrB protein known to negatively regulate the PhoPQ signaling system, may also be the source of acquired resistance to colistin (13) (14) (15) (16) .
Acquired resistance to polymyxins is mediated by the addition of 4-deoxyaminoarabinose (LAra4N) and/or phosphoethanolamine (pEtN) to lipid A. LAra4N synthesis requires the products of the pmrE gene and pmrHFIJKLM operon, and pEtN synthesis is encoded by the pmrC gene. These modifications create a more positively charged lipopolysaccharide and thus reduce the affinity of LPS to positively charged polymyxins (7) . Of note, mechanisms leading to heteroresistance in K. pneumoniae remain unknown.
PmrB and PhoQ are sensor cytoplasmic membrane-bound kinases activated by high concentrations of iron (Fe 3ϩ ) and an acidic pH (pH 5.5) for the PmrAB system (17) and by low extracellular concentrations of magnesium (Mg 2ϩ ) for the PhoPQ system (18) . Upon activation, PmrB activates the response regulator PmrA, which in turn upregulates pmrC and pmrHFIJKLM. Likewise, PhoQ activates PhoP, which in turns activates the expression of the pmrHFIJKLM operon, directly by binding to the pmrHFIJKLM promoter and indirectly via PmrD-dependent activation of the PmrA protein also binding to the pmrHFIJKLM promoter (19) .
The aim of this study was to determine the mechanism(s) responsible for heteroresistance to colistin in K. pneumoniae.
MATERIALS AND METHODS
Bacterial strains. A multidrug-resistant K. pneumoniae clinical isolate named Kp75 was recovered in 2012 in South Africa. It produced the carbapenemase OXA-48, which has been reported elsewhere (20) . The wildtype and colistin-susceptible K. pneumoniae ATCC 53153 strain was used as a control throughout the study.
Antimicrobial susceptibility assays. MICs were determined using Etest strips (AB bioMérieux, La Balme-les-Grottes, France) on MuellerHinton agar plates (Bio-Rad, Marnes-la-Coquette, France) with a 0.5 McFarland inoculum. The MICs of colistin were also determined by a broth culture microdilution method as recommended by the CLSI (21), with Tween 80 being added at 0.002% as suggested in several studies (22, 23) . According to the EUCAST guidelines, isolates with MICs of Յ2 g/ml are categorized as susceptible, and those with MICs of Ͼ2 g/ml are categorized as resistant (24) .
PCR amplification and sequencing. Whole-cell DNA was extracted using a commercially available kit (QIAquick; Qiagen, Valencia, CA) according to the manufacturer's instructions. The pmrA, pmrB, phoP, phoQ, and mgrB genes were amplified with specific oligonucleotide primers (the primers used in this study are listed in Table 1 ). Molecular detection of the ␤-lactam resistance genes was performed as reported previously (25) . The amplified DNA fragments were purified with the QIAquick PCR purification kit (Qiagen, Courtaboeuf, France). Both strands of the amplification products obtained were sequenced with an ABI 3100 sequencer (Applied Biosystems, Foster City, CA). The nucleotide and deduced protein sequences were analyzed at the National Center for Biotechnology Information website (www.ncbi.nlm.nih.gov) by the Basic Local Alignment Search Tool (BLAST) program.
Analysis of the primary and secondary structures of the PhoP protein. The primary structure of PhoP was analyzed by using the Pfam website (http://pfam.xfam.org/). The predicted secondary structures of the proteins were obtained by the GOR method using the EMBOSS 6.3.1 software available on the Mobyle@Pasteur portal (http://mobyle.pasteur .fr/cgi-bin/portal.py).
Complementation experiments. The entire phoP and phoQ genes from the colistin-susceptible K. pneumoniae ATCC 53153 reference strain (MIC of colistin at 0.125 g/ml) were amplified by PCR using 2ϫ Phusion HF master mix (Thermo Scientific Finnzymes, Illkirch, France) and primers sets phoP ext F/phoP ext R and phoQ ext F/phoQ ext R, respectively.
The noncoding sequence mdh was also amplified with primer set mdh F/mdh R as described previously (26) (the primers used are listed in Table  1 ). The amplified fragments were cloned into plasmid pCR-BluntII-TOPO (Applied Biosystems by Life Technologies, Carouge, Switzerland) and the resulting plasmids pTOPO-phoP, pTOPO-phoQ, and pTOPOmdh were, respectively, introduced into the colistin-resistant isolate Kp75 by electroporation. Transformants were selected by overnight incubation at 37°C on Mueller-Hinton agar supplemented with 100 g/ml of zeocin. The MICs of colistin were determined by Etest for all K. pneumoniae transformants.
Growth curves. Growth kinetics were determined with subpopulations of isolate Kp75 in the absence of any selective pressure. Two hundred-milliliter volumes of Luria-Bertani broth were inoculated independently with 10 8 CFU of each strain, and cultures were grown for 24 h at 100 rpm and 37°C. Absorbance at 600 nm was measured every hour for the first 10 h and after 24 h. The colony counting was performed by serial dilution and final plating on solid medium.
Transcriptional analysis by qRT-PCR. Quantitative real-time PCR (qRT-PCR) was used to measure the expression of the phoP, phoQ, pmrD, pmrC, pmrA, pmrB, and pmrK genes, using specific oligonucleotide primers (Table 1) . A culture volume of 0.5 ml was taken during the mid-log phase of growth (optical density at 600 nm [OD 600 nm ] ϭ 1.1) and combined with 1 ml of RNAprotect (Qiagen, Courtaboeuf, France). Total RNA was extracted from cell lysates using the RNeasy minikit (Qiagen), according to the manufacturer's instructions. qRT-PCR was carried out using a Rotor-Gene Q instrument (Qiagen), and QuantiFast SYBR green (Qiagen) was used as a signal reporter. In each run, a blank sample (distilled water) and a no reverse transcriptase control were included to exclude DNA contamination. Relative gene expression differences were cal- 
RESULTS AND DISCUSSION
Isolate Kp75 exhibits multidrug resistance, including resistance to colistin. Isolate Kp75 was resistant to all ␤-lactams, including carbapenems (the MICs of imipenem, meropenem, and ertapenem were 3, 8, and Ͼ32 g/ml, respectively). In addition, it was resistant to chloramphenicol, fluoroquinolones, gentamicin, tetracycline, and tobramycin. The MIC of rifampin was 16 g/ml, and the MIC of nitrofurantoin was Ͼ128 g/ml. It remained susceptible only to sulfonamides, tigecycline, and amikacin. Determination of the MIC of colistin by using the broth culture microdilution method showed that isolate Kp75 was resistant to colistin (MIC of 128 g/ml). Molecular detection of the ␤-lactam resistance genes identified the narrow-spectrum ␤-lactamase bla TEM-1 gene, the expanded-spectrum ␤-lactamase bla CTX-M-15 gene, and the carbapenem-hydrolyzing class D ␤-lactamase bla OXA-48 gene.
Susceptibility testing by Etest revealed a heteroresistant phenotype. When the MIC of colistin for isolate Kp75 was measured by using Etest strips, two subpopulations were identified close to the Etest strip (Fig. 1) . Bacterial colonies located in the resistance and susceptible areas were picked up, and the two subpopulations were separated. The MICs for the two distinct subpopulations were again measured by Etest. The colistin-susceptible subpopulation (then termed Kp75a) and the colistin-resistant subpopulation (then termed Kp75b) had MICs of colistin at 0.12 and 12 g/ml, respectively. With use of the microdilution method, the MICs were found to be 0.12 and 128 g/ml, respectively. These data further highlight the discrepancies between values obtained by the two methods and reveal that the MICs obtained by the Etest are significantly lower than those obtained by the microdilution method for such a resistant isolate.
A single amino acid substitution in PhoP leads to colistin resistance in isolate Kp75b. Total DNAs from isolate Kp75b and colistin-susceptible K. pneumoniae reference strain ATCC 53153 were used as the templates for PCRs to amplify the pmrA, pmrB, phoP, phoQ, and mgrB genes possibly involved in colistin resistance. A single base pair substitution was identified in the phoP gene of isolate Kp75b, leading to a single amino acid substitution (Asp191Tyr) compared to that of the PhoP proteins available in the GenBank databases and also compared to that of strain ATCC 53153 (Fig. 2) . No substitution was identified in the pmrA, pmrB, phoQ, and mgrB genes.
The amino acid substitution was identified at position 191 of the PhoP protein, which is located in its C-terminal domain. We therefore speculate that the replacement of a polar negative amino acid by an aromatic amino acid partially hydrophobic in the Cterminal domain of PhoP might induce a constitutive activation of PhoP, disregulating the two-component regulatory system PhoPQ. The predicted secondary structures of two PhoP proteins, namely that of a wild-type strain and that of isolate Kp75b, were compared, and it was revealed that the Asp191Tyr amino acid substitution significantly modified the secondary structure of the protein, with an interruption of the ␣-helix (see Fig. S1 in the supplemental material). It was therefore likely that resistance to colistin in isolate Kp75b was related to that single substitution in PhoP. To further assess this hypothesis, an experiment was conducted in order to complement isolate Kp75b with the entire phoP gene obtained from the wild-type strain ATCC 53153. The entire phoP and phoQ genes, together with a fragment of the mdh gene (a noncoding sequence as control), were amplified from the reference strain ATCC 53153 and cloned in plasmid pTOPO-BluntII, giving rise to, respectively, pTOPO-phoP, pTOPO-phoQ, and pTOPO-mdh and then transformed into the resistant-colistin clinical isolate Kp75b. The MIC determinations showed a complete reversion to susceptibility only for the transformant complemented with pTOPO-phoP (MIC at 0.125 g/ml), whereas the MICs of transformants complemented with recombinant plasmids pTOPO-phoQ or pTOPO-mdh remained unchanged. This result strongly suggested that the amino acid substitution identified in PhoP was indeed responsible for the colistin resistance in Kp75b (Fig. 3) .
A partial deletion of the phoP gene is responsible for a reversion in colistin susceptibility. Similarly to what was performed with isolate Kp75b, PCRs followed by sequencing were performed to amplify the pmrA, pmrB, phoP, phoQ, and mgrB genes of the colistin-susceptible isolate Kp75a. All sequences were found to be identical with those obtained with Kp75b, except for the phoP gene. Indeed, the phoP gene harbored not only a substitution leading to the Asp191Tyr amino acid substitution in the corresponding protein sequence but also a partial deletion (25 bp long) in the phoP gene of Kp75a, disrupting its reading frame and consequently giving rise to a longer protein of 255 amino acids instead of 223 amino acids as found in Kp75b and all other PhoP sequences in the databases (Fig. 2) . This deletion was therefore considered to be responsible for the reversion into a colistin-susceptible phenotype. Figure 3 provides a summary of the evolution process observed in Kp75. This mechanism of partial gene deletion involved in reversion to colistin susceptibility was previously The arrow indicates the colistin-resistant subpopulation (Kp75b).
described in the PmrAB two-component system of Acinetobacter baumannii (27) .
Comparative growth rates of colistin-susceptible and colistin-resistant isogenic strains. The growth kinetics of colistin-resistant (Kp75b) and colistin-susceptible (Kp75a) isogenic strains were determined in the absence of selective pressure. During a 24-h period, no significant difference was observed in growth rates between those two strains (data not shown).
Upregulation of phoP, phoQ, pmrD, and pmrK gene expression in colistin-resistant strain Kp75b. Expression of the pmr and pho genes was investigated to determine whether the expression of those genes involved in the PmrAB or PhoPQ regulatory systems might differ between the two Kp75 subpopulations. RT-PCR identified upregulation of the phoP, phoQ, pmrD, and pmrK genes in the resistant isolate Kp75b compared with that of the isogenic susceptible isolate Kp75a. In contrast, expression of the pmrC, pmrA, and pmrB genes did not differ significantly (Fig. 4) .
We may therefore consider that the mutated protein PhoP activates the transcription of the pmrHFIJKLM operon, the product of which leads to synthesis of L-amino-arabinose and ultimately to colistin resistance in K. pneumoniae. We also observed that PhoP activates the expression of the PmrD-encoding gene and that PmrD did not activate the expression of the pmrA gene, contrary to what was expected (19) .
In conclusion, our study suggests that colistin heteroresistance in K. pneumoniae may be caused by alterations in the PhoPQ regulatory system. To the best of our knowledge, this is the first study investigating the genetic basis of colistin heteroresistance in that bacterial species. We first demonstrate here the involvement of the PhoP protein in resistance to colistin in K. pneumoniae. This additional mechanism adds to the diversity of genetic events that may lead to acquisition of resistance to colistininthatspecies.Interestingly,ourdatashowedthattheheteroresistance observed here was related to a reversion of resistance into susceptibility and not the opposite. Indeed, the amino acid substitution identified in PhoP to which the resistance was attributed was still identified in the susceptible isolate. In addition, we want to emphasize that the phenomenon of colistin heteroresistance remains very likely underestimated, considering that it may not be seen when the method (broth microdilution) recommended by the CLSI is used for the evaluation of susceptibility to polymyxins. We showed here that heteroresistance may be well demonstrated when only Etest strips are used. Notably, the clinical significance of colistin heteroresistance in K. pneumoniae is still unknown and remains to be evaluated.
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